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Chemoreceptors of Crustaceans:
Similarities to Receptors for Neuroactive
Substances in Internal Tissues

by William E. S. Carr,* Barry W. Ache,* and

Richard A. Gleeson*

A description is given of crustacean chemosensory systems and the neurophysiological procedures used
to study them. Their response properties and tuning characteristics are discussed. A review is then provided
of specific crustacean chemoreceptors that are stimulated selectively by either purine nucleotides, taurine,
glutamate, or glycine, all of which have neuroactive properties in internal tissues.

Two distinctly different types of purinergic chemoreceptors occur on the antennules of the spiny lohster.
P,-like chemoreceptors have a potency sequence of AMP > ADP > ATP > adenosine and show a strict
structural requirement for the ribose phosphate moiety. Py-like chemoreceptors have a potency sequence
of ATP > ADP > AMP or adenosine and show a broad sensitivity to nucleotide triphosphates with
modifications in both the purine and ribose phosphate moieties. Sensilla containing the dendrites of
chemosensory neurons also possess an ectonucleotidase(s) that inactivates excitatory nucleotides to yield
adenosine which is subsequently internalized by a sensillar uptake system.

Narrowly tuned taurinergic chemoreeeptors are present on both the antennules and legs of lobsters.
Although taurine itself is the most effective stimulant, the taurine analogs hypotaurine and p-alanine are
also very excitatory. Structure-activity studies indicate these chemoreceptors have marked similarities to
taurine-sensitive systems in internal tissues of vertebrates. By contrast, comparative studies of gluta-
matergic chemoreceptors on the legs of lobsters indicate response spectra different from those of the
glutamate receptors in lobster neuromuscular junctions and the three classes of excitatory amino acid
receptors identified internally in vertebrates. Crustacean chemoreceptors for glycine, ecdysteroids, and
pyridine are also described. The hypothesis that receptors for internal neuroactive agents may have orig-

inally evolved as external chemoreceptors of primitive aquatic organisms is discussed.

Introduction

The chemical senses of many aquatic animals are ex-
tremely well developed. Waterborne chemieals influ-
ence facets of behavior as diverse as food finding (1,2),
predator avoidance (3,4), mate recognition and mating
(5,6), substrate selection and metamorphosis by larvae
(7,8), homing by migratory species (9,10), and species
recognition and social behavior (11,12). Chemoreception
in aquatic animals has been reviewed recently (3,15-
15).

Chemosensory studies have revealed that many of the
external chemical agents stimulating behavioral and
physiological responses in aquatic invertebrates are the
very same substances that function internally in higher
organisms as either transmitters or modulators. This
paper will briefly deseribe crustacean chemosensory
systems and the physiological procedures used to study
them. A description will then be provided of specific
crustacean chemoreceptors that are stimulated by sub-
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stances known to have neuroactive properties in inter-
nal tissues.

Chemosensory Systems in Decapod
Crustaceans

Because of their large size and eagily accessible che-
mosensory organs, certain decapod crustaceans such as
the Florida spiny lobster (Panuwlirus argus), the Cali-
fornia spiny lobster (P. interruptus), the American lob-
ster (Homarus americanus), and certain crayfish spe-
cies (e.g., Orconectes limosus) have proven to be
popular animals for neurophysiological studies of the
chemosensory process. The functional organization of
the olfactory system in these crustaceans has been re-
viewed recently (1,16). The olfactory organ consists of
a tuft of sensilla, termed aesthetase sensilla, present on
the lateral filament of the antennule (Fig. 1). In the
Florida spiny lobster, P. argus, each antennule has
about 2000 of these sensilla, with each sensillum being
approximately 1000 pmin length and 40 pm in diameter.
Each is innervated by the cilia-bearing dendrites of an
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{A} Head of the spiny lobster showing the lateral branches of the antennules with tufts of chemosensory aesthetasc sensilla.

{B) Schematic of aesthetase sensillum depicting dendritic terminals housed within the cuticular sheath.

estimated 350 bipolar sensory neurons (7). Axons from
these olfactory cells project via the antennular nerve to
the midbrain where they make synaptic contacts in the
glomerular neuropile of the paired olfactory lobes
(18,19).

In addition to the aesthetasce sensilla of the anten-
nules, a variety of other morphologieal types of che-
mosensory sensilla have been identified on the mouth
parts, claws and walking legs of decapod crustaceans
{20-23). Functionally these other chemoreceptors are
often considered to be comparable to the taste system
of vertebrates (1,24). The chemical sensitivities of re-
ceptors on the distal segments (dactyls) of the walking
legs have been especially well studied (25-29).

Procedures for Neurophysiological
Analysis of Crustacean
Chemoreceptors

The crustacean chemoreceptor cell ig a primary sen-
sory neuren with a spiking axon that projects directly
to the brain. The responses of these cells to chemicals
can be quantified by extracellularly recording the neural
discharge of the axon when chemicals are applied to the
dendrite. Such recordings are accomplished by mount-
ing an excised chemosensory appendage in a chamber
that allows the dendrite-bearing sensilla to be super-
fused with chemicals. One such arrangement for stim-
ulating and recording from crustacean chemoreceptor
cells is illustrated in Figure 2. Continuous perfusion
with oxygenated saline maintains the viability of the
preparation.

Chemical stimulation of the preparation in Figure 2
is achieved by injecting small volumes (i.e., 20 to 300
pL} of solutions, as a bolus, into a carrier flow of water
that continuously flushes over the sensilla. This pro-
cedure introduces the stimulus with no disruption of
flow coneurrent with the arrival of the stimulus at the
preparation. Depending on the volume of stimulant in-
jected, the preparation can be exposed to either a brief
(e.g., 8 sec) pulse, or toa prolonged plateau of a constant
concentration of the stimulant. Conductivity and fluo-
rometric analyses show that this procedure delivers re-
producible profiles of stimulant that approximate a step
function on their leading edge.

Extracellular recording from receptor cells is
achieved by splitting fascicles from the nerve and ap-
plying suction electrodes en passant to the exposed ax-
ons. Chemosengitive units are identified as such by their
altered frequency of discharge to brief pulses of search
stimuli and their lack of response to identically applied
control carrier water. Responses from single neurons
are obtained either by fortuitous separation of fascicles
containing only a single active unit or by window (volt-
age and/or time) discrimination of single units from
multi-unit recordings. Single-cell status of all records
can be verified by an on-line template matehing scheme
that involves passing the real time analog signal through
a delay register to retain the pretriggered aspect of the
waveform and superimposing the entire waveform of
each spike that triggers the window diseriminator on
the synchronized display of an analog storage oscillo-
scope. Evoked responses (spike trains) can be quantified
by electrically counting the output of the window dis-
criminator if the parameter of interest is the total num-
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Diagram of a typical stimulus delivery and recording apparatus used to analyze crustacean chemoreceptor cells. An excised,

perfused antennular preparation is illustrated; similar systems have been used to study dactyl chemoreceptors. Additional details are given

in the text.

ber of spikes. Alternatively, a microprocessor-based in-
terval analysis can be performed on the same output if
it is necessary to obtain other, time-dependent param-
eters of the spike train.

Now it is also possible to record intracellularly from
crustacean chemoreceptor cells (30). This technigue is
only beginning to be applied to the particular types of
receptor cells discussed in this review, but the tech-
nology is now available to examine the biophysical basis
of stimulus-response coupling in these cells.

Response Properties of Crustacean
Chemoreceptors

Most crustacean chemoreceptor cells have very low
levels of spontaneous activity (< 1 Hz). Chemical stimuli
cause these cells to show a tonic increase in the fre-
quency of discharge, although the response often be-
comes slightly more phasic at higher stimulus econcen-
trations (Fig. 3). In nature, most chemoreceptors are
only exposed intermittently to a chemical stimulus, and
the actual pattern of the response is strongly influenced
by the dynamies of the access of the stimulus to the
receptor surface. The lobster antennule, for example,
is flicked reflexively at a rate of 1-2 Hz. This behavior
appears to regulate the access of the stimulus to the
tight cluster of sensilla; the stimulus is sampled as a
series of discontinuous pulses that onset within about
100 msec. The afferent discharge of the sensory cells
reflects this pulsatile stimulus profile as a series of brief,
phasie bursts (31).

In a chemosensory cell, different stimulatory com-

pounds usually evoke responses that have similar tem-
poral patterns, although instances where the discharge
pattern may change have been reported (32). Perhaps
constancy in the temporal pattern of discharge with
different stimulants is to be expected. The use of dif-
ferent temporal patterns to encode different stimunlants
would make it difficult to distinguish the pattern for a
particular stimulant from patterning introduced by
short-term fluctuations in stimulus concentration. The
pulsatile nature of odorants in the aquatie environment
has been deseribed (14).

The rate of discharge of chemoreceptor cells is typi-
cally a simple function of the stimulus concentration
(Fig. 3). The response of single cells usually saturates
over 2 to 3 log units of concentration, although popu-
lations of cells reach saturation over broader ranges of
concentration. The latter is presumably indicative of
range fractionation which enables the overall population
to be sensitive to a wide range of coneentrations while
still retaining maximal sensitivity to changes in concen-
tration.

A striking feature of some crustacean chemoreceptors
is their extremely low threshold. Antennular chemo-
receptors in the spiny lobster give discrete responses
to picomolar concentrations of some amino acids (39).
Dactyl receptors in the American lobster respond to as
little as 35 femtomolar ammonia (25).

“Tuning” Characteristics of
Crustacean Chemoreceptors

“Tuning” refers to the number and the heterogeneity
of the different compounds that are stimulatory to a
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Figure 3. Effect of stimulus concentration on the neural discharge
of a chemoreceptor cell from the antennule of the spiny lobster,
P. argus. Shown are the extracellularly recorded spike trains
evoked by a 2-sec exposure to taurine at the molar concentrations
indicated, and to seawater (ASW). The traces faithfully reproduce
the temporal pattern of the train, but not the waveform of the
spike, which has been shaped electrically for maximum clarity.
Note that concentration has little effect on the temporal pattern
of the response, primarily altering the frequency and number of
spikes in the train.

chemoreceptor cell; tuning characteristics of crustacean
chemoreceptors have been reviewed recently (34). In
erustaceans it is known that different {types of cells con-
tribute to the peripheral chemosensory organization.
Chemoreceptor cells with narrow response spectra are
found on the dactyls (26,35) and antennules (36—38) of
lobsters. These cells are narrowly tuned to particular
amino acids and nucleotides found in food organisms.
Specific examples of these types of cells will be de-
scribed later. Such narrowly tuned cells are often called
“specialists,” following terminology originally used by
Schneider et al. (39) for moths. Other cells are less
narrowly tuned, but are still limited in the breadth of
their response. For example, the amino acid-selective
units in the dactyls of the crayfish are limited in their
response to a particular structural class of molecules,
but do not appear to be selective within the class (40).
Still other receptor cells are more hroadly tuned and
are sometimes called “generalists,” again by the ter-
minology proposed by Schneider et al, (39). Broadly
tuned receptor neurons respond to an array of strue-
turally different substances that belong to different
functional classes of molecules. In some broadly tuned
neurons, sensitivity to different molecules is not nee-

essarily distributed randomly across the receptor pop-
ulation. When relatively large numbers of potentially
stimulatory compounds have been tested on individual
receptor cells in insects, for example, the cells tend to
fall into “reaction groups.” Each group is composed of
cells having part, or all, of their response spectra more
similar to that of other cells in the same reaction group
than to cells in other groups (41).

Purinergic Chemoreceptors
Background

Cyclic adenosine 3',5'-monophosphate has long been
known to function both as a potent chemoattractant in
cellular slime molds (42) and as a second messenger in
many physiological processes (43,44). Regarding ver-
tebrate organisms, adenosine and its noncyclic nucleo-
tides are known to play major roles as transmitters or
modulators of physiological activities in the nervous sys-
tem, the vascular system, and in the smooth muscle of
many internal organs (45-51). The purinergic receptors
that mediate responses to adenosine (Ado) and adenine
nueleotides have been classified by Burnstock (52) as P,
and P; types. Among the distinguishing features of
these two receptor types are the following: P,-type pur-
inoceptors have a potency sequence of Ado = AMP >
ADP = ATP, whereas the Po-type has a potency se-
quence of ATP = ADP > AMP = Ado. It will be shown
below that marine crustaceans possess olfactory che-
mosensory cells with marked similarities to both the P,-
and the P,-type purinoceptors found in internal tissues.

P;-like Purinergic Chemoreceptors

The first evidence that P,-like chemoreceptors are
present in crustaceans came from the behavioral ob-
servation that adenosine 5’-monophosphate (AMP) was
a potent attractant for the grass shrimp, Palaemoneles
pugio. Bioassays of AMP analogs suggested that the
behavioral response of the shrimp is mediated by re-
ceptors akin to P,-type purinoceptors (53).

Documentation of the existence of purinergie che-
moreceptors in crustaceans was obtained in physiolog-
ical studies with the spiny lobster, P. argus, by em-
ploying the procedures for single-cell, extracellular
recording as described above for ablated antennular fil-
aments. Chemosensory purinoceptors with a potency
sequence of AMP > ADP > ATP > Ado are present
in the lobster antennule (Fig. 4) (87); this potency se-
quence, measured physiologically, is the same as that
measured behaviorally in the shrimp. Studies of strue-
ture-activity relationships (SAR) of AMP and 16 analogs
(Fig. 5) show that AMP is the most potent stimulant,
and all changes in its structure result in a significant
diminution in activity, However the greatest diminution
accompanies changes in the ribose phosphate moiety
rather than the adenine moiety. This is seen in Figure
5 by noting that eight of the nine least active analogs
are those with modifications in the ribese phosphate
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FIGURE 4. (A) Dose-response relationships for adenine nuclectides

and adenosine as measured physiologically in chemosensory neu-
rons of the spiny lobster. (B) (Inset) Behavioral results obtained
with same substances in a shrimp. In both cases the potency se-
quence was AMP > ADP > ATP > adenosine. Data points are
mean values (+ SEM). From Derby et al. {37),

moiety. 8-bromo-AMP, the least active adenine-modi-
fied analog, differs from the others by having a syn-
rather than an anfi-conformation (54). Both the phys-
iological response of the lobster chemoreceptors and the
behavioral response of the shrimp are antagonized by
the methylxanthine, theophylline.

Vertebrate P,-type (or R-type) purinoceptors gen-
erally have the following characteristics: (1) show a po-
tency sequence of Ado = AMP > ADP = ATP; (2) are
most affected by structural changes in the ribose moiety
of the stimulant; (3) prefer agonists in the an#i-confor-
mation; and (4) are antagonized by theophylline and
other methylxanthines (52,55,56). Hence the only major
difference between the P,-type purinoceptor and P,-like
chemoreceptors of the lobster (and the grass shrimp) is
that the chemoreceptor requires the presence of the 5'-
phosphate group on the nucleoside. The 5'-phosphate
group is apparently optional for activation of the P;-
type receptor of vertebrates.

In addition to the crustaceans described above, there
are other anhimals possessing external chemoreceptors
for certain nucleotides or nucleosides. The African ar-
myworm, an insect larva, has a receptor for adenosine
that may funection in feeding behavior (57). Also, AMP
is an attractant for larval mosquitos (58). Further, re-
ceptors on the lips of a fish, the puffer, respond pref-
erentially to nuclectides, especially ADP, IMP, and
UMP (59). Likewise, IMP and inosine are gustatory
feeding stimulants in another fish, the turbot (60). Nu-
cleotides have a different type of effect on external
chemoreceptors found in bovine taste papillae. In this

case, the nucleotides GMP, IMP, and UMP increase the
amount of glutamate bound to glutamate receptors (61).

P,-like Purinergic Chemoreceptors

In addition to the P,-like chemoreceptors described
above, the spiny lobster has a second distincet population
of purinergic chemoreceptors with response character-
istics indicative of the Py-type purinoceptors found in
internal tissues of vertebrates (88). This second popu-
lation is composed of ATP-sensitive cells with response
properties easily distinguished from the AMP-gensitive
(P;-like) cells described earlier (Fig. 6). Responses
given by the ATP-sensitive cells are very brief in du-
ration (less than 0.5 see¢), even at high concentrations,
whereas the AMP-sensitive cells typically have re-
sponse durations of 5 to 10 sec, or longer (Fig. 6). Also,
the maximum discharges of the ATP-sensitive cells to
ATP are of low magnitude (ca. 11 impulses/response,
SEM + 0.95) whereas the AMP-sensitive cells have
high maximum discharges (ca. 104 impulses/response,
SEM = 24.5).

SAR studies of the ATP-sensitive cells were con-
ducted with the nucleotides and other substances shown
in Figure 7. In these cells, ATP is far more active than
ADP, whereas AMP and Ado are virtually nonstimu-
latory. An activity sequence for other substances is as
follows: ATP = deoxyATP (dATP) > GTP > CTP =
XTP = ITP >> 8-bromo-ATP = ADP, with pyro-
phosphate and tripolyphosphate being virtually inac-
tive. Hence, these cells possess a broad sensitivity to
nucleotide triphosphates and tolerate changes in both
the ribose and adenine moieties. The minor differences
in activity seen with most nucleotide triphosphates con-
trasts dramatically with a ca. 20-fold decrease in activity
seen when the diphosphate group of ADP is substituted
for the triphosphate chain of ATP.

The ATP-sensitive cells are also strongly stimulated
by three slowly degradable analogs of ATP, namely,
a,p-methylene ATP (AMPCPP), B,y-methylene ATP
(AMPPCP), and 8,y-imido ATP (AMPPNP), (see Fig.
7). The potency sequence is AMPPNP > ATP =
AMPPCP > AMPCPP, with the analog AMPPNP being
significantly more effective than ATP itself.

Collectively, the above results show that the ATP-
sensitive cells in the antennules of the spiny lobster
share the following properties with the Ps-type puri-
noceptors described by Burnstock (52). In the anten-
nular receptors, ATP is far more effective than ADP,
which in turn is more effective than either AMP or Ado.
Secondly, the antennular receptors show a broad sen-
sitivity to nucleotide triphosphates including those with
modifications in both the adenine and ribose moieties.
This broad sensitivity is consistent with that of Py-type
purinoceptors in brain (47) and in smooth muscle of var-
ious organs (62—64). Thirdly, both the antennular che-
moreceptors and Po-type purinoceptors are stimulated
by the slowly degradable analogs of ATP, namely,
AMPPNP, AMPPCP, and AMPCPP. Further, the an-
alog AMPPNP ig more effective than ATP itself on the
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Fi1GURE 6. Comparisons of response characteristics of ATP-sensitive
cells and AMP-sensitive cells in the antennule of the spiny lobster.
(A.B) Response profiles of the two cell types each tested at two
coneentrations. Note differences in time scale, plus differences in
duration and magnitude of responses. (C,D} Dose-response curves
for populations of each cell type. Data points are mean values (+
SEM). From Carr et al. (38).

antennular receptors; this and other analogs are also
more effective than ATP on certain P, purinoceptors
identified in internal tissues (65,66).

The role of ATP as an olfactory excitant in the spiny
fobster is unknown., However, this substance does have
a role as a gustatory stimulant that induces certain
blood-sucking insects to gorge on liquid (67-69). More-
over, the behavioral responses evoked by ATP in these
insects also appear to be mediated by a P»-like puri-
noceptor (38).

Inactivation and Uptake of Purinergic
Substances

Further parallels between purinergic systems found
in the lobster olfactory organ and in internal tissues of
vertebrates are revealed by comparing the biochemical
fate of excitatory nucleotides in both cases. In verte-
brate tissues, the inactivation of extracellular nucleo-
tides oceurs by a two-step process: first, the nucleotides
are dephosphorylated, and then the resultant Ado is
internalized by an uptake system (70). Dephosphory-
lation is mediated by ectonucleotidases present on ex-
ternal membrane surfaces of neurons, glial cells, and
other cell types (71-73). Ado is salvaged by an uptake
system believed to involve facilitated diffusion (74-76).

In the spiny lobster, sensilla on the antennule also
have an ectonucleotidase that inactivates the excitatory
nucleotide, AMP, to yield the non-execitatory product,
Ado, which is then internalized by an uptake system

within the sensilla (Trapido-Rosenthal et al., in prep-
aration). Dephosphorylation is rapid; the rate of uptake
of °H from “H-AMP (labeled in the purine ring) is in-
distinguishable from the rate of uptake of *H from *H-
Ado (Fig. 8A4). Evidence that AMP is indeed dephos-
phorylated prior to uptake is shown by the fact that the
rate of uptake of *H from ring-labeled AMP is about 10
times greater than that of *P from **P-AMP (Fig. 8B).
Also, the 5'-nucleotidase inhibitor, AMP-C-P, inhibits
the uptake of *H from ring-labeled AMP but not from
labeled Ado (Trapido-Rosenthal et al., in preparation).

Taurinergic Chemoreceptors

Background

Taurine (2-aminoethanesulfonic acid) is found at high
concentrations in a wide variety of animal tissues (77)
and has been the object of increased research effort
during the past 15 years (78-82). This ubiguitous amino
acid has been associated with neural development (89),
heart function (§4), retinal function (85), osmoregulation
{86,87), opioid activity (88,89}, and disease states such
as epilepsy (90) and Friedreich’s ataxia (91). Taurine
has also been postulated to act as an inhibitory neuro-
transmitter and/or neuromodulator (92,93). Neverthe-
less, despite taurine’s known or suspected involvement
in numerous physiological processes, its functional sig-
nificance remains largely speculative. Unlike other
structurally related, bioactive amino acids {(e.g., glycine
and GABA), the role of taurine is poorly understood
because of a paucity of selective agonists and antago-
nists for pharmacological studies. This lack of selective
pharmacological probes is due in large measure to the
absence of a model receptor system in vertebrates that
is specifically sensitive to taurine (94). As described
below, taurine-sensitive chemoreceptors of the lobster
provide a unique model for exploring taurine reception
in detail, and as such may prove invaluable in the iden-
tification of pharmacological agents for use in decipher-
ing taurine’s role in vertebrate systems.

Lobster Taurinergic Chemoreceptors

Chemoreceptors narrowly tuned to taurine have been
identified on the antennules of the spiny lobster, P.
argus (33,36), and on the walking legs and antennules
of the American lobster, H. americanus (26,35,95,96),
In P. argus, average dose-response relationships for
these olfactory cells show that the number of impulses
produced, the maximum frequeney of discharge, and the
response duration all inerease in an approximately lin-
ear fashion at concentrations between 10~ and 107 M
taurine (36). Although threshold differences exist be-
tween individual taurine-sensitive cells, single cells are
consistent in their response to repeated stimulation.
Threshold determinations have revealed responses to
taurine at concentrations as low as 107'% M, the lowest
dose examined (33).

Fuzessery et al. (86} investigated the stimulatory ca-
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FIGURE 8. Biochemistry of purinergic substances in excised chemosensory sensilla of the spiny lobster. (A) Sensilla were incubated with ¢.1
M adenine-labeled *H-adenosine or *H-AMP in the presence and absence of an excess (1000 pM) of unlabeled adenosine. The tritiated
adenine moiety of AMP and adenosine were internalized at very similar rates. (B) Sensilla were incubated in a mixture containing both
0.1 uM *#P-AMP and 0.1 M adenine-labeled *H-AMP in the presence and absence of excess unlabeled adenosine. The uptake of “H but
not **P indicate that most AMP is dephosphorylated prior to uptake. From Trapido-Rosenthal et al., in preparation.

pacity of compounds structurally related to taurine (Fig.
9), each presented at a concentration of 107" M. These
data disclosed the following relationships [Note that
numbers in brackets below refer to compound numbers
in Fig. 91.

Compounds with one terminal basic group and one
terminal acidic group separated by two carbon (C) atoms
are the most active [1,2]. An exception occurs when a
phosphonie acid group is substituted for the carboxyl
group [3]. Compounds with the bhasie and acidic groups
separated by greater than 2C atoms are less stimulatory
with potency decreaging as a function of the distance of
separation [e.g., 2>152>16>>17]. Compounds with a 1C
atom separation are not stimulatory [4,14].

Compounds lacking the terminal amino group
[5,6,7,9,10] or with an alpha amine group in addition to
the terminal amino group are virtually inactive
[9,11,12]. Substituting a guanido group for the terminal
amine results in loss of activity [20,21].

Neutral side chains markedly decrease the stimula-
tory capacity [16>18; 2>19].

Compounds with the carboxyl group blocked in a pep-
tide bond are not stimulatory [22,28].

In addition, compounds structurally dissimilar to
taurine [twelve w-amino acids, three organic acids (cit-
ric, propionic and succinic) and the quaternary amine,
glycine betaine] did not stimulate 65 other taurine-sen-
sitive cells on which each compound was tested at 107°
M.

Collectively these findings indicate that the taurine
receptor cells in P. argus have a very restricted spec-
ificity and exhibit interesting similarities in their re-
sponse spectra to taurine-sensitive systems found in

internal tissues of vertebrates. For example, induced
arrhythmias in dogs can be suppressed by taurine, but
ethanesulfonic acid and other compounds which lack
either the basic or acidic group are ineffective (97). In
human blood platelets, uptake of taurine is competi-
tively inhibited by B-alanine and hypotaurine, but not
by the phosphonic acid analog (96). Likewise, hypo-
taurine and p-alanine compete with taurine for uptake
in rat brain, while a-amino acids do not (99,700). These
results from vertebrate internal systems parallel these
in the lobster olfactory system; i.e., B-alanine and hypo-
taurine are the two most active analogs for the taurine-
sengitive olfactory cells, whereas o-amino acids, the
phosphonic acid analog of taurine, and ethanesulfonic
acid are all inactive.

Although not as extensively studied in H. ameri-
canus, taurine-sensitive chemoreceptors on the anten-
nules (95,96) and walking legs (26,35) of this species
appear to exhibit “narrow tuning” comparable to that
found in P. argus. For example, in a sample of seven
taurine-sensitive cells on the antennules of H. ameri-
canus, taurine was very effective, but a series of 14
other compounds (L-hydroxyproline, L-glutamate, L-
glutamine, ammonium chloride, L-arginine, sucrose,
ethanol, L-alanine, L-lysine, betaine, L-aspartate, gly-
cine, L-leucine, and L-proline), each presented at a con-
centration of 10™* M, showed little or no stimulatory
activity (96). Interestingly, when taurine was presented
in mixture with all 14 of the above substances, the cells’
responses were significantly suppressed. Further study
of this phenomenon revealed that the suppression was
concentration dependent; i.e., with diluted mixtures
(each compound <10~® M) cell responses were not sup-



40

CARR, ACHE, AND GLEESON

TAURINE AND ANALOGS

HoN-CHy~CHy504H

(1) HN-CHyCHoSO,H (2 HN-CHy~CH,~CO,H

Hypotaurine (VA)

OTHER SULFONIC ACIDS

(4) HN-CHySO4H
Aeinomethy! sulfonic acid [SA)
{5} CHyCH; SO H
Ethane sylfonic acid (1}
(8) HO-CHyCH,~50,H
Hydroxyethane sultonic ocid 1)

(@) e1-cHyCHySOMH
2-Chloroethane sulfonic acid (1
HOL-CH-CH~S04H
NHy
Cysteic acid {I)

COMPOUNDS WITH NON-TERMINAL

BASIC GROUPS

(3) GHzCHCH-COMH
NH2
2-Amingbutyric acid (I}
CHy-CH-CH,-COH
HH,
3-Aminobutyric ogid (1)
(D) HaN-CH GH-COLH
NH2
2,3-Diamincpropionic acid (I)

(12} M N-CHyCH, CH-COH

(3) HN-CHyCH,-POLH,
2-Aminaethylphesphenic acid {)

COMPQUNDS WITH TERMINAL
BASIC AND ACIDIC GROUPS

HoN-CHy~CO,H
Glycine (1}
(B nooiy ooyt
¥-Aminobutyric acid [A)

PN {Gg) 4 COH

S-Aminaovaleric acid (A)

(7) HyN-(CHyIg=COH
6-Aminocopraic acid {SA)

HaN-CHyCH-CH,-COpH
oH

E-Amino-p-hydrmybulyric acid {SAa)

WN-CH~CH-CO M
CHy
A -Aminoisobutyric acid [A)

Hah-C-NH-CH,- COH
NH
Guaonigoacetic acid {I)

(&0 HaN-C-NH-CH,-CH - COH
NH

Guanidopropionic acid (I}
) HZN-CHZ-CHZ-ENH-EH-COEH

Hy
A -Alanylalanine {i)

b @ ‘
2 HnN-CH-CH,-C-NH-CH - COH
2 4-Aminobutyrie ocid (1) sy B
@ R-(IiH-COZH A -Alanylglycine (1)
NR

2
o ~-Amino acids (1)

FIGURE 9. Molecular formulae of compounds tested on taurine-sen-
sitive chemoreceptors of spiny lobster. Indices of relative activity
are as follows: (VA) very active; (A) active; (SA) slightly active;
(I) virtually inactive. Numbers desighating compounds are re-
ferred to in text. Modified from Fuzessery et al, (36).

pressed, and in fact tended to be slightly greater than
with taurine presented alone (£9).

The mechanism of the above mixture suppression is
not understood. However, in P. argus, studies of
suppression on a second type of taurine-sensitive che-
mosensory cell suggest that competition for common
receptor sites may be involved (101). The taurine-sen-
sitive cells exhibiting suppression are less sensitive to
taurine than the cell population previously described for
P. argus; these cells have thresholds close to 107° M,
and the dose-response functions have a lesser slope. In
these cells, the response to taurine is inhibited when
taurine is presented in binary mixture with certain
amino acids. Glycine is one of the most effective inhib-
itors (suppressants), and an analysis of the nature of
the inhibition has indicated a parallel shift to the right
of the taurine dose-response function. These results are
particularly intriguing in the light of taurine’s suspected

interactions with glycine receptors in some vertebrate
preparations (102—-104).

Glutamatergic Chemoreceptors

Background

For many years the acidic amino acids, glutamate and
aspartate, have been candidate excitatory neurotrans-
mitters in both vertebrates and invertebrates (105-
167). Studies with molluses and coelenterates have in-
dicated that receptors for these amino acids are present
in the CNS and nerve-muscle preparations, respec-
tively. Perhaps the most thoroughly investigated n-
vertebrate group, however, has been the arthropods,
where the excitatory potency of glutamate has been
shown for neuromuscular junctions in both crustaceans
and insects (103).

Although the excitatory effects of glutamate in the
vertebrate CNS were described over 30 years ago (108),
the characterization of receptors for this and other
structurally related amine acids has progressed slowly.
Current neuropharmacological data indicate that mul-
tiple receptor types exist for these excitatory com-
pounds (107,109). At least three classes of synaptic re-
ceptors have been identified, each associated with a
different ionophore. One class is activated preferentially
by quisqualate and related compounds; L-glutamate and
L-cysteate are candidate transmitters for these recep-
tors. A second class is preferentially excited by N-
methyl-D-aspartate (NMDA); L-aspartate may be a
transmitter for this class, but is also an agonist for quis-
qualate receptors. The third receptor type is distin-
guished by its activation with kainic acid, the effects of
which are unaffected by quisqualate or NMDA receptor
antagonigts. The endogenous transmitter(s) for the
kainate class of receptors is unknown. In addition to
these three receptor classes, there is emerging phar-
macological evidence for other classes or subtypes, re-
flecting the unsettled state of understanding in this field
(107,109).

Lobster Glutamatergic Chemoreceptors

Glutamate sensitive chemoreceptors on both the an-
tennules and walking legs have been described in a num-
ber of marine crustaceans (25,26,95,110-113). In single
unit studies with antennule preparations, a range of cell
specificities is apparent. For example, Derby and Ache
(113) analyzed 70 receptor cells in P. argus for responses
to eight substances including L-glutamate, taurine, be-
taine, L-alanine, glycine, AMP, L-proline, and hydroxy-
L-proline, each presented at the relative concentrations
at which they oceur in a natural food stimulus mixture,
Eighteen of the cells responded only to glutamate and
betaine; 11 of these responded most strongly to gluta-
mate, whereas the remaining seven cells exhibited ap-
proximately equal activation by glutamate and betaine.
In H. americanus, only a single cell was encountered
that responded exclusively to L-glutamate when 30 cells
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were tested with a battery of 15 substances (96). A
second glutamate-sensitive cell was equally stimulated
by hydroxy-L-proline. Finally, it was reported that a
single cell of nine examined in H. gmericanus responded
only to L-glutamate when 29 D- and L-amino acids were
tested (95).

In contrast to the antennular receptors described
above, “narrowly tuned” glutamate chemoreceptors ap-
pear to comprise a major portion of the chemoreceptor
population of the walking legs of the American lobster,
H. americanus (26,35). In experiments examining the
structure-activity relationships for activation of these
cells, all of the glutamate analogs tested (Fig. 10) had
a greatly reduced stimulatory capacity; i.e., responses
were less than 8% of that to L-glutamate (26) These
analogs included the following structural modifications
[Note that numbers in brackets refer to compound num-
bers in Fig. 10]: (1) substituting phosphenic or sul-
phonic acid groups for the y-carboxylic acid group [1,2];
(2) a-carbon substitution [3]; (3) isomerization (D-glu-
tamate); (4) deamination [4]; (5) eyclization [16];
(6) changing the carbon chain length [5,6]; (7) altering
the a-carboxylic acid group [7,8]; (8) alteration of the
y-carboxylic acid group [9,11,12,13]; (9) altering the
carbon chain length as well as the y-carboxylic acid
group [14,15]; and (10) adding a second or third amino
acid group [10,18]. Because cysteate [14], aspartate [5],
and kainate [17] were all virtually inactive, these results
suggest that the walking leg receptors represent a class
that is distinctly different from the classes of internal
“glutamate” receptors described earlier. Indeed this dif-
ference is apparent even within the same species. For
example, aspartate potentiates the actions of L-gluta-
mate at the neuromuscular synapse in H. americunus,
presumably by modulating the affinity of the glutamate
receptor (114); however, tests exploring similar poten-
tiation with the glutamate chemoreceptors proved neg-
ative (26). Furthermore, unlike the glutamate chemo-
receptor, the neuromuscular preparation in H.
americanus is stimulated by kainate (115).

Glycinergic Chemoreceptors

Glyeine is known to act as an inhibitory neurotrans-
mitter in vertebrates, and its role as such is best es-
tablished in the spinal cord (216) where there is good
evidence that Renshaw cells are glycinergic (117). Al-
though glycine sensitive chemoreceptors have been
found in crustaceans, their characterization has lagged
behind other receptor types because of difficulties in
locating single units. For example, even though glycine
was one of the most stimulatory amino acids based on
multiunit recordings in the walking legs of H. ameri-
canus {25), a search for single eells was unsuccessful

(26). Also, within a sample group of 70 chemoreceptor

cells on the antennules of P. argus, only two exhibited
selective sensitivity to glycine (173). Recently, a new
search protocol in our laboratory, using higher concen-
trations of glycine, has facilitated the identification of

glycine-sensitive cells, and these are currently under
study.

Single chemoreceptive cells on crayfish (Orconectes
limosus) legs have been characterized which are sen-
sitive to a range of amino acids and related substances
(118). These findings suggest that a single receptor site
type, broadly sensitive to amino acids, mediates the
responses of these cells. In this system glycme is mod-
erately stimulatory with a K, of 1.5 x 10~2 mole/L.
This broad sensitivity to amino acids in a freshwater
crustacean markedly contrasts with the situation for
chemoreceptors of marine species, possibly indicating
that the different ionic environments to which the
chemoreceptors are exposed have given rise to the ev-
olutionary divergence.

Other Chemoreceptors

Antennular chemoreceptors of the Cahfornla Ig}ny
lobster (P. interruptus) respond to 1077 to 10~
concentrations of the steroid molting hormones, a- and
B-ecdysone (119). Chemoreceptors responding to a-ec-
dysone do not respond to B-ecdysone, but additional
details of receptor specificity are not known. The short
latency period of these receptor cells indicates that the
electrophysiclogical response is mediated by a mem-
brane receptor rather than by a cytoplasmic or nuclear
event such as characterizes the effects of many other
steroids (179). Hence the antennular chemoreceptors
may prove useful for comparative studies of steroid re-
ceptors located on cell surfaces.

Walking legs of crayfish (Orconectes limosus and
Austropotamodius forrentium) have chemoreceptor
cells that are sensitive to pyridine analogs but not to
amino acids or amines (40,120). Tests of 79 pyridine
analogs and related compounds on these cells revealed
that the most effective substances were pyrazinecar-
boxamide > 3-acetylpyridine > nicotinamide > pyri-
dine-3-aldoxime. K, values for the above substances
ranged from about 10%t0d x 1074 M (28,121). 4-Ace-
tylpyridine was identified as a competitive antagonist
of the pyridine-sensitive cells. Although possible rela-
tionships between the pyridine-sensitive chemorecep-
tors of erayfish and internal receptor types have not
been explored, the pyridine moiety is indeed repre-
sented in many substances known to have regulatory
or metabolic effects in internal tissues (e.g., nicotinic
acid, nicotinamide, NAD, NADP, and others) (122).
Also, the pyridine-sensitive chemoreceptors are stim-
ulated by 3- and 4-aminopyridines that are known to
have excitatory effects on synaptic and axonal strue-
tures (123,124).

Possible Evolutionary Implications
of External Chemoreceptors
Sensitive to Internal Neuroactive
Agents

In multicellular aquatic organisms, the principal func-
tions of external chemoreceptors and of internal recep-
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FiGURE 10. Molecular formulae of compounds tested on glutamate-sensitive chemorecepters of the American lobster. Numbers designating
compounds are referred to in text, Formulae from Derby and Atema (26).

tors (e.g., synaplic receptors) are very similar in that
both monitor particular chemieals in their surrounding
aguatic environment, Both types of “chemo”-receptors
have hinding sites with an affinity for specific molecules,
and both are coupled to a transduction mechanism ca-
pable of affecting membrane excitability. Indeed, Hal-
dane (125) hypothesized that some internal receptor
types may have evolved from external chemoreceptors
of primitive aquatic animals. Support for this hypothesis
is provided by the fact that all of the neurcactive sub-

stances listed in Table 1 are known to activate receptors
existing both in internal tissues and on external che-
mosensory surfaces.

Further support for the hypothegis of a common or-
igin for certain external and internal receptor types is

_indicated by the finding that receptors for the neuro-

transmitters acetylcholine, catecholamines, and GABA
are variously distributed on the surface membranes of
oocytes from frogs, mice, and humans (126,127). Such
receptors are exposed to chemical signals present in an
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Table 1. Neuroactive agents for which external chemoreceptors

exist.
Organism with Behavior
chemoreceptors influenced by
Substance for substance substance Reference
AMP Shrimp, spiny Attraction of (87, 53, 58}
lobster, mosquite  shrimp, mosguito
larvae larvae
Cyclic AMP  Slime mold Attraction (42, 129)
ATP Mosquito, spiny  Liquid ingestion (38, 68)
lobster by mosquito
Acetylcholine  Ciliated protozoan Swimming (130)
ACH velocity
~-Amino- Abalone larvae Settlement and (131)
hutyrie acid metamorphosis
(GABA)
Dikydroxy- Oyster larvae Settlement and (132)
phenylalanine metamorphosis
(DOPA)
Glutamate Lobster, colonial  Induction of (26, 133)
algae sexual stage in
algae
Glyeine Mud snail Proboscis {184)
extension
Taurine Spiny lobster Attraction (36)
a, B-Eedysone Spiny lobster Not known (119)
Prostagiandin  Fish Inhibition of (135)
A2 (PGA,) feeding

external aquatic environment prior to the develop-
mental events that distribute daughter cells into the
internal layers of the embryo. In fact, the entire ver-
tebrate nervous system with its many receptor types
for transmitters and other neuroactive substances
traces its embryological origin to an outer layer of cells,
the ectoderm. The ectodermal ceils interface with an
external aquatic environment until the onset of gastru-
lation and the further developmental processes that cre-
ate new internal aquatic interfaces between new neigh-
boring cells, cell layers, and body fluids.

Certainly much can be learned by using the chemo-
receptors of appropriate invertebrates as model sys-
tems for several receptor types found in internal tissues
(87,128). Chemareceptors of large crustaceans such as
lobsters are particularly suitable for this purpose be-
cause the receptor cells are present on large, easily
accessible, external appendages; i.e., the antennules
and legs. More importantly, lobsters serve as excellent
model systems because they are now known to have
diserete chemoreceptors for at least six neuroactive
agents, namely, AMP, ATP, glutamate, glycine, tau-
rine and ecdysones (see Table 1). Moreover, techniques
now exist to investigate the biochemical (Trapido-Ro-
senthal et al., in preparation) and biophysical (30) pro-
cesses by which these agents activate chemoreceptor
cells.

The fact that chemoreceptors are directly exposed to
chemicals appearing in the external aquatic environ-
ment implies that the chemosensory system may be

particularly vulnerable to foreign chemicals or to other
factors that modify the aquatic environment. Environ-
mental variables that are known to influence certain
chemosengory responses of aquatic animals include the
following: temperature (136,187), pH (138), seasonality
(139), feeding state (139), detergents (240), industrial
wastes (741), drilling wuds (142), oil (14%), and certain
heterocyclic compounds (144). Aside from recordings of
the effects of temperature on pyridine- and amino acid-
sensitive units (736,187), the effects of these environ-
mental variables upon the discrete types of chemore-
ceptors described in this review are unknown.
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very recent data on the biochemistry of a purinergic chemosensory
system. Ms, Marsha Lynn Milstead prepared the illustrations. This
work was supported in part by NSF Grant Nos. BNS 84-11693 and
BNS 85-11256.

REFERENCES

1. Ache, B. W. Chemoreception and thermoreception. In; The Bi-
ology of Crustacea, Vol. 3 (H. L. Atwood and D. C. Sandemann,
Eds.}, Academic Press, New York, 1982, pp. 369-398.

2. Carr, W. E. S. Chemical stimulation of feeding behavior, In:
Chemoreception in Fishes (T. J. Hara, Ed.), Elsevier Scientific
Publishing Co., Amsterdam, 1982, pp. 259-275.

3. Mackie, A. M., and Grant, P. T. Interspecies and intraspecies
chemoreception by marine invertebrates. In: Chemoreception in
Marine Organisms (P, T. Grant and A. M. Mackie, Eds.), Ac-
ademic Press, New York, 1974, pp. 105-141.

4. Sleeper, H. L., Paul, V. J., and Fenical, W. Alarm pheromones
from the marine opisthobranch Navanax inermis. J. Chem.
Ecol. 6; 57-70 (1980).

5. Atema, J., and Engstrom, D. G. Sex pheromone in the lobster,
Homarus wmericanys. Nature 232: 261-263 (1971).

6. Gleeson, R. A. Pheromone communication in the reproductive
behavior of the blue crab, Callinectes sapidus. Mar. Behav,
Physiol. 7: 119-134 (1980).

7. Morse, D, E. Biochemical control of larval recruitment and foul-
ing. In: Marine Biodeterioration: An Interdisciplinary Study (J.
D. Costlow and R. C. Tipper, Eds.), Naval Institute Press,
Annapolis, MD, 1984, pp. 134-140,

8. Larman, V. N. Protein extracts of some marine animals which
promote barnacle settlement: possible relationship between a
protein component of arthropod cuticle and actin. Comp.
Biochem. Physiol. 77B: 73—81 (1984).

9. Hasler, A. D., Scholz, A. T., and Horrall, R. M. Olfactory im-
printing and homing in salmon. Am. Scientist 66: 347355 (1978).

10. Stabell, 0. B. Homing and olfaction in salmonids: a ecritical re-
view with special reference to the Atlantic salmon. Bicl. Rev.
5% 333388 (1984).

11. Todd, J. H., Atema, J., and Bardach, J. E. Chemical commu-
nication in social behavior of a fish, the yellow bullhead (Jetalurus
natalis), Science 158 672-673 (1967).

12. Liley, N. R. Chemical communication in fish, Can. J. Fish.
Aquat. Sci. 89 22-35 (1982).

13. Daloze, D., Braekman, J. C., and Tursch, B. Chemical com-
munication in the marine environment. In: Animals and Envi-
renmental Fitness. Physiological and Biochemical Aspects of Ad-
aptation and Ecology, Vol. 1 (R. Gilles, Ed.), Pergamon Press,
Oxford, 1980, pp. 243-261.

14. Atema, J. Chemoreception in the sea; adaptations of chemore-
ceptors and behavior to aquatic stimulus conditions. Soc. Exp.
Biol. Sympos. 39: 387423 (1985).

15. Carr, W. E. S. The molecular nature of chemical stimuli in the
aquatic environment. In: Sensory Biology of Aquatic Animals
{J. Atema, R. R. Fay, A. N. Popper, and W. N. Tavolga, Eds.},
Springer-Verlag, New York, 1957.



16.
17.

18.

19.

20,

21.

22

26.

27

28.

29.

30.

31

32.

33.

34.

35.

36,

37.

38.

CARR, ACHE, AND GLEESON

Ache, B. W., and Derby, C. D. Functional organization of ol-
faetion in erustaceans. Trends NeuroSei. 8: 356-360 (1985),
Laverack, M. S., and Ardill, I). J. The innervation of the aes-
thetase hairs of Panulirus argus. Quart. J. Micr. Sci. 106: 45—
60 (1965).

Sandeman, D. C., and Luff, 8. E. The structural organization
of glomernlar neuropile in the olfactory and accessory lobes of
an Australian freshwater crayfish, Cherax destructor. Z. Zell-
forsch. Mikrosk. Anat. 142; 37~61 (1973).

Sandeman, D. C., and Denberg, J. L. The central projections
of chemoreceptor axons in the crayfish revealed by axoplasmic
transport. Brain Res. 115: 492-496 (1976).

Derby, C. D. Structure and functien of euticular sensilla of the
lobster Homarus americanus, J. Crust. Biol, 2: 1-21 (1982).
Altner, H., and Prillinger, L. Ultrastructure of invertebrate
chemo-, thermo-, and hygroreceptors and its functional signifi-
cance. Int. Rev. Cytol. 67: 69-139 (19800,

Hamilton, K. A. A topographical and typographical comparison
of the rodlike setae of ambulatory dactylopodites in decapod
crustaceans, J, Morphol. 176; 361-364 (1983).

. Hamilton, K. A., Linberg, K. A., and Case, J. F. Structure of

dactyl sensilla in the kelp erab, Pugettia producta. J. Morphol.
185: 349-366 (1985).

. Atema, J. Functional separation of smell and taste in fish and

erustacea. In: Olfaction and Taste, Vol. VI (J. LeMagnen and
P. MacLeod, Eds.), IRL Press, London, 1977, pp. 166-174.

. Derby, C. D., and Atema, J. Chemosensitivity of walking legs

of the lobster Homarus americanus: neurophysiological re-
sponse spectrum thresholds. J. Exptl. Biol. 98: 303-315 (1982),
Derby, C. D., and Atema, J. Narrow-spectrum chemoreceptor
cells in the walking legs of the lobster Homarus americanus:
taste specialists. J. Comp. Physiol, 146: 181-189 (1982).

Hatt, H. Structural requirements of amino acids and related
compounds for stimulation of receptors in crayfish walking leg.
J. Comp. Physiol. 155: 219-231 {1984).

Hatt, H., and Schmiedel-Jakob, I. Electrophysiological studies
of pyridine-sensitive units on the crayfish walking leg. I. Char-
acteristics of stimulatory molecules. J. Comp. Physiol. 154: 855—
863 (1984).

Johnson, B. R., Borroni, P. F., and Atema, J. Mixture effects
in primary olfactory and gustatory receptor cells from the lob-
ster. Chem. Senses 10: 367-373 (1985),

Anderson, P. A. V., and Ache, B. W. Voltage- and current-
clamp recordings of the receptor potential in olfactory receptor
cells In situ. Brain Res. 338: 273-280 (1985).

Schmitt, B. C., and Ache, B. W. Olfaction: responses of a deca-
pod crustacean are enhanced by flicking. Science 205: 204-206
(1979).

Seelinger, G. Response characteristics and specificity of chemo-
receptors in Hemilepistus reawmuri (Crustacea, Isopoda). J.
Cotnp, Physiol, 152; 219-229 (1983),

Thompson, H., and Ache, B. W. Threshold determination for
olfactory receptors of the spiny lobster. Mar. Behav. Physiol.
T: 249-260 (1980).

Derby, C. D., and Atema, J. Chemoreceptor cells in aquatic
invertebrates: peripheral mechanisms of chemical signal pro-
cessing in decapod crustaceans. In: Sensory Biology of Aquatic
Animals (J. Atema, R, R. Fay, A. N. Popper, and W. N. Ta-
volga, Eds.), Springer-Verlag, New York, 1987.

Johnson, B. R,, Voigt, R., Borroni, P, F., and Atema, J. Re-
sponse properties of lobster chemoreceptors: tuning of primary
taste neurons in walking legs. J. Comp. Physiol. 155: 593-604
(1984).

Fuzessery, Z. M., Carr, W. E. 8,, and Ache, B. W. Antennular
chemosensitivity in the spiny lobster, Panulirus argus: studies
of taurine sensitive receptors. Biol. Bull. 154: 226-240 (1978).

Derby, C. D., Carr, W. E. 8., and Ache, B. W, Purinergic
olfactory receptors of lobsters are similar to internal purinergic
receptors of vertebrates. J. Comp. Physiol. 155: 341-349 (1984).
Carr, W. E. 8., Gleeson, R. A., Ache, B. W., and Milstead, M.
L. Olfactory receptors of the spiny lobster; ATP-sensitive cells
with similarities to P2-type purinoceptors of vertebrates. J.
Comp. Physial, 158: 331338 (1986).

39.

40.

41,

42,

43.

44.

45.

46.

417.

48.

49,
0.

51.
52.

53.

55,

56.

57,

58.

59.

60.

61.

Schneider, 1., Lacher, V., and Kaissling, K. E. Die Reaktion-
weise und das Reaktionsspektrum von Riechzellen bei Anther-
aea pernyi (Lepidoptera, Saturniidae). Z. Vergl. Physiol. 48:
632662 (1964).

Bauer, U., and Hatt, H. Demonstration of three different types
of chemosensitive units in the erayfish claw using a computerized
evaluation. Neuroscl. Lett. 17: 209-214 (1980).

Sass, H. Olfactory receptors on the antenna of Periplaneta: re-
sponse constellations that encode food odors. J. Comp. Physiol,
128: 227-233 (1978).

Mato, J. M., Jastorff, B., Morr, M_, and Konijn, T. M. A model
for cyclic AMP-chemoreceptor interaction in Dictyostelium dis-
coideum. Biochem. Biophys. Acta 544: 309-314 (1978).
Greengard, P. C. Intracellular signals in the brain. The Harvey
Lectures, Series 75, Academie Press, New York, 1981, pp. 277-
331.

Berrtdge, M. J. The melecular basis of communication within
the cell, Se¢i. American 253; 142152 (1985).

Burnstock, G., and Brown, C. M. An introduction to purinergic
receptors. In: Purinergic Receptors (G. Burnstock, Ed.), Chap-
man and Hall, London, 1981, pp. 1-45,

Stone, T. W. Physiological roles for adenosine and adenosine 5'-
triphosphate in the nervous system. Neuroscience 6: 523-5565
{1981).

Phillis, J. W., and Wu, P, H. The role of adenosine and its
nuelectides in central synaptic transmission. Progr. Neurobiol.
16: 187-239 (1981).

Daly, J. W. Role of ATP and adenosine receptors in physiologic
processes: summary and prospectus. In: Physiology and Phar-
macology of Adenosine Derivatives (J. W, Daly, Y. Kuroda, J.
W. Phillis, H. Shimizu, and M. Ui, Eds.), Raven Press, New
York, 1983, pp. 275-290.

Su, C. Purinergic neurotransmission and neuromodulation. Ann,
Rev. Pharmacel. Toxicol. 23: 397-411 (1983).

Burnstock, G., and Buckley, N. J. The classification of receptors
for adenosine and adenine nucleotides. In; Methods in Phar-
macology, Vol. 6 (D. M. Paten, Ed.), Plenum Press, 1985, pp.
193-212.

Snyder, S, H. Adenosine as a neuromodulator. Ann. Rev, Neu-
rosei, 8 103-124 (1985).

Burnstock, G. A basis for distinguishing two types of purinergic
receptors. In: Cell Membrane Receptors for Drugs and Hor-
mones: A Multidisciplinary Approach (R. W. Straub and L.
Bolis, Eds.), Raven Press, New York, 1978, pp. 107-118,
Carr, W. E, 8., and Thompson, H. Adenosine 5'-monophos-
phate, an internal regulatory agent, is a potent chemoattractant
for a marine shrimp. J. Comp. Physiol. 153: 47-53 (1983).

. Lee, C. H., Evans, F. E., and Sarma, R. H. Interrelation be-

tween glycosidic torsion, sugar pucker, and backbone confor-
mation in 5'-B-nucleotides. J. Biol. Chem. 250: 1290-1296 (1975).
Londes, C., and Wolff, J. Two distinet adenosine-sengitive sites
on adenylate cyclase, Proe. Natl. Aead. Sei. (U.8.) T4: 5482—
5486 (1977).

Londos, C., Cooper, D. M. F., and Wolff, J. Subclasses of ex-
ternal adenosine receptors. Proc. Natl. Acad. Sci. (U.S.) ™0
25512554 (1980).

Ma, W. C. Electrophysiclogical evidence for chemnosensitivity to
adenosine,. adenine and sugars in Spodopfera exempta and re-
lated species. Experientia 33: 356-358 (1977).

Barber,dJ. T., Ellgard, E, G., and Herskowitz, K. The attraction
of larvae of Culex pipiens quinquefasciatus Say to ribonucleic
acids and nueclectides. J. Insect Physiol. 28: 585-588 (1982).
Kiyohara, 5., Hidaka, I., and Tamura, T. Gustatory response
in the puffer. II. Single fiber analyses. Bull. Japan. Soc. Sci.
Fish, 41: 383--391 (1975).

Mackie, A. M., and Adron, J. W. Identification of inosine and
inosing &'-menophosphate as the gustatory feeding stimulants
for the turbot, Scopkthalmus maxzimus. Comp. Biochem. Phys-
iol. BOA: 79-83 (1978).

Torii, K., and Cagan, R. H. Biochemical studies of taste sen-
sation. IX. Enhancement of -[*H] glutamate binding to bovine
taste papiliae by 5'-ribonucleotides. Biochim, Biophys. Acta 627:
313-323 (1980;.



62,

63.

64.

66.

67.

68.

69.

70.
71,
T2.

73,

4.

75,

6.

7.

78.
79.
80.

81

82.

84,
85.

CHEMORECEPTORS OF CRUSTACEANS 45

Maguire, M. H., and Satchell, D. G. Specificity of adenine nu-
cleotide receptor sites: inhibition of the guinea pig taenia coli by
adenine nucleotide analogs. In: Physiological and Regulatory
Functions of Adenosine and Adenine Nucleotides (H. P. Baer
ggd G. I. Drummeond, Eds.}, Raven Press, New York, 1979, pp.
-43,

Brown, C. M., and Burnstock, G. Evidence in support of the
P1/P2 purinoeeptor hypothesis in the guinea-pig taenia eoli. Brit.
J. Pharmacol, 73: 617-624 (1981).

Lukacske, P., and Krell, R. D. Responses of guinea-pig urinary
bladder to purine and pyrimidine nucleotides. Eur. J. Pharma-
col, 80 461406 (1982).

. Kennedy, C., and Burnstock, G. ATP produces vasodilation via

P1 purinoceptors and vasoconstrietion via P2 purinoeeptors in
the isolated rabbit central ear artery. Blood Vessels 22: 145-
155.

Kennedy, C., Delbro, D., and Burnstock, G. P2-purinoceptors
mediate both vasodilation {via the endothelium) and vasocon-
striction of the isolated rat femoral artery. Eur. J. Pharmacol.
107: 161-168 (1985).

Smith, J. J. B., and Friend, W. G. Further studies on potencies
of nucleotides as gorging stimuli during feeding in Rhodnius
prolizus. J. Insect Physiol. 22: 607-611 (1976).

Friend, M. G., and Smith, J. J. B. Factors affecting feeding by
bloodsucking insects. Ann. Rev. Entomol. 22: 309-331 (1977).
Friend, M. G., and Smith, J. J. B. ATP analogs and other phos-
phate compounds as gorging stimulants for Rhodnius prolixus.
J. Insect Physiol. 28: 371-376 (1982).

Burnstock, G. Comparative studies of purinergic nerves. J.
Exptl. Zool, 194: 103-134 (1975).

Trams, E. G. Evidence for ATP action on the cell surface. Na-
ture 252: 430-482 (1974).

Kreutzberg, G. W., Barron, K. D., and Schubert, P. Cytochem-
ical localization of 5'-nuclectidase in glial plasma membranes.
Brain Res. 158; 247-257 (1978).

Pearson, J. D., Carleton, J. 8., and Gordon, J. L, Metabolism
of adenine nucleotides by ectoenzymes of vascular endothelial
and smooth-muscle cells in culture. Biochem. J. 190; 421429
(1980).

Hertz, L. Kinetics of adenosine uptake into astrocytes, J. Neu-
rochem. 31: 55—62 (1978),

Bender, A. 8., Wu, P. H., and Phillis, J. W. The rapid uptake
and release of [*Hladenosine by rat eerebral synaptosomes. J.
Neurochem. 36: 651-660 (1981).

Kreutzberg, G. W., Reddington, M., Lee, K. S., and Schubert,
P. Adenosine: transport, function and interaction with receptors
in the CNS. J. Neural Transmis, Suppl, 18: 113-119 (1983).
Jacobsen, J. G., and Smith, L. H. Biochemistry and physiology
of taurine and taurine derivatives. Physiol, Rev, 48: 424-511
(1968).

Huxtable, R. J., and Barbeau, A., Eds. Taurine. Raven Press,
New York, 1976, p. 398,

Barbkeau, A., and Huxtable, R. J., Eds. Taurine and Neurolog-
ical Disorders. Raven Press, New York, 1978, p. 468,
Schaffer, 8. W., Baskin, 8. L., and Koches, J. J., Eds. Mono-
graphs of the Physiological Society of Philadelphia, Vol. 7. S.
P. Medical and Scientific Books, New York, 1981, p. 446.
Huxtable, R. J., and Pasantes-Morales, H., Eds. Taurine n
Nutrition and Neurology. Plenum Press, New York, 1982, p.
asl.

Kuriyama, K., Huxtable, R, J., and Iwata, H., Eds. Sulfur
Amino Acids: Biochemical and Clinical Aspects. Alan R, Liss
Ine., New York, 1983, p. 485,

. Gaull, G. E., and Rassin, D. K. Taurine and brain development:

human and animal correlates. In: Neural Growth and Differ-
entiation (E. Meisami and M. A. B, Brazier, Eds.), Raven Press,
New York, 1979, pp. 461-477.

Grosso, D. A., and Bressler, R. Taurine and cardiac physiology.
Biochem. Pharmacol. 25: 2227-2232 (1976).

Pasantes-Morales, H., Kleithi, J., Urban, P. F., and Mandel,
P. The physiologieal role of taurine in retina: uptake and effect
on electroretinogram (ERG). Physiol. Chem. Phys, 4; 339-348
(1972).

86

87.

88.

89.

80,

9.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101,

102.

103.

104,

. Simpson, J., Allen, K., and Awapara, J. Free amino acids in
some aquatic invertebrates. Biol. Bull. 117: 371-381 (1959).
Thurston, J. H., Hauhart, R. E., and Naccarato, E. F. Taurine:
possible role in osmotic regulation of mammalian heart. Seience
214: 1373-1374 (1981).

Izumi, K., Munekata, E., Yamamoto, H., Nakanishi, T., and

Barbeau, A. Effects of taurine and y-aminobutyric acid on aki-

nesia and analgesia induced by D-Ala®-Met-enkephalinamide in

rats. Peptides 1: 139-146 (1980),

Yamamoto, H., McCain, H. W., Izumi, K., Misawa, 8., and Way,

E. L. Effects of amino acids, especially taurine and v-amino-

butyric acid (GABA) on analgesia and caleium depletion induced

by morphine in mice. Eur. J. Pharmacol. 71: 177-184 (1981),

van Gelder, N. M., Sherwin, A. L., Sacks, C., and Andermann,

F. Biochemical observations following administration of taurine

to patients with epilepsy. Brain Res. 94: 297-306 (1975).

Barbean, A., Melancon, 8., Huxtable, R. J., and Lemieux, B.

Taurine and Friedreich’s ataxia; an update. In: Taurine in Nu-

trition and Neurology (Adv. Exp. Med., Vol. 139, R. Huxtable

and H. Pasantes-Morales, Eds.), Plenum Press, New York,

1982, pp. 389-399.

Davison A, N, and Kaczmarek, L. K. Taurine: a possible neu-

rotransmitter. Nature 234: 107-108 (1971).

Mandel, P., Pasantes-Morales, H., and Urban, P. F. Taurine: a

putative transmitter in retina. In: Transmitters in the Visual

Process (S. L. Benting, Ed.), Pergamon Press, New York, 1976,

pp. 89-105.

Barbeau, A. Does taurine have clinical significance? In: Taurine

in Nutrition and Neurology (Adv. Exp. Med., Vol. 139, R, Huxt-

able and H. Pasantes-Morales, Eds.}, Plenum Press, New York,

1982, pp. 513-532,

Shepheard, P. Chemoreception in the antennule of the lobster,

Homarus americanus. Mar, Behav, Physiol. 2: 261-273 (1974).

Johnson, B. R., and Atema, J. Narrow-spectrum chemoreceptor

cells in the antennules of the American lobster. Neurosci. Lett.

41: 145-150 (1933).

Welty, J. D., Read, W. 0., and Byington, K, H. Comparison of

amino-sulfonic acids as antiarrhythmic agents in dogs. In: Taur-

ine (R. Huxtable and A. Barbeau, Eds.), Raven Press, New

York, 1976, pp. 169-173.

Gant, Z. N., and Nauss, C. B. Uptake of taurine by human blood

platelets: a possible model of the brain. In: Taurine (R. Huxtable

and A. Barbeau, Eds.), Raven Press, New York, 1976, pp. 99—

121,

Kaczmarek, L. K., and Davison, A. N. Uptake and release of

taurine from rat brain slices. J. Neurochem. 19: 2355-2362

(1972).

Lihdesmald, P., and Qja, S. 8. On the mechanism of taurine

transport at the brain cell membranes. J. Neurochem. 20: 1411—

1417 (1973).

Gleeson, R. A., and Ache, B. W. Amino acid suppression of

taurine-sensitive chemosensory neurons. Brain Res. 235; 99-107

{1985).

Curtis, D. R., Holsi, L., and Johnston, G. A. R. A pharmacol-

ogical study of the depression of spinal neurons by glycine and

related amino acids. Exptl. Brain Res. 6: 1-18 {1968).

Haas, H, L., and Hosli, L. The depression of brainstem neurons

by taurine and its interaction with strychnine and bicuculline.

Brain Res. 52; 399-402 (1979).

Kurachi, M., Yoshihara, K., and Aihara, H. Effect of taurine

on depolarizations induced by L-glutamate and other excitatory

amino acids in the isolated spinal cord of the frog. Japan. J.

Pharmacol. 33: 1247-1254 (1983),

. Usherwood, P. N. R. Amino acids as neurotransmitters. Adv.
Comp. Physiol. Biochem. 7: 227-309 (1978).

. Di Chiara, G., and Gessa, G. L., Eds. Glutamate as a Neuro-
transmitter. Raven Press, New York, 1981, p. 445,

. McLennan, H. Receptors for the excitatory amino acids in the
mammalian central nervous system. Progr, Neurobiol. 20: 251—
271 (1933),

. Hayashi, T. A physiological study of epileptic seizures following
cortical stimulation in animals and its application to human clin-
ics. Japan. J. Physiol. 3: 46-64 (1952).



48

109,
119,

1L

112,

113.

114,

116

116.

117.

118,

119.

120,

121.

122.

123,

124.

125.

126.

127.

128.

CARR, ACHE, AND GLEESON

Fagg, G. E. 1-Glutamate, excitatory amino acid receptors and
brain function. Trends NeuroScl. 8 207-210 (1985).

Case, J., and Gwilllam, G. F. Amino acid sensitivity of the dactyl
chemoreceptors of Carcinides maenes. Biol. Bull. 121: 449~455
{1961).

Johnson, B. R., and Ache, B. W. Antennular chemosensitivity
in the spiny lobster, Panrutlirus arpus: amino acids as feeding
stirmuli, Mar, Behav. Physiol. 5: 145-157 (1978).

Noten, T. G. Chemereception in the rack crab, Cuncer anten-
nerius: specificity of the dactyl glutamate chemoreceptors. Mas-
ter of Arts Thesis, University of California, Santa Barbara, 1978,
p. 147,

Derby, C. D., and Ache, B. W. Quality coding of a complex
odorant in an invertebrate. J. Neurophysiol. 51: 806~924 (1984).
Freeman, A. R., 8hank, R. P., Kephart, J., Dekin, M., and
Wang, M. Modulation of transmission at a plutamate synapse.
J. Physiol. (Parig) 75: 605610 (1979).

Shank, R, P., and Freeman, A. R. Agonistic and antagonistic
activity of glutamate analogs on neurorasscndar excitation in the
walking Yimbs of lobsters. J. Neurobiol. 7: 23-36 (1976).
Aprison, M. H., and Nadi, N. S. Glycine: inhibition from the
sacrum to the meduiia. In: Amina Acids as Chemical Transmit-
ters (F. Fonpum, Ed.), Plenum Press, New York, 1978, pp.
531570,

Lodge, 1., Curtiz, D. R,. and Brand, 8. J. A pharmacological
study of the inhibition of ventral group 1 a-excited spinal inter-
neurons, Exptl. Brain Res. 29: 97-105 (1977).

Bauer, U., Dudel, J., and Hatt, H. Characteristics of single
chemoreceptive units sensitive tu amine acids and related sub-
stances in the crayfish leg. J. Comp. Physiol. 144: 67-74 (1981).
Spencer, M., and Gase, J. F. Exogenous ecaystersids elicit low
threshold sensory responses in spiny lobsters. J. Exptl. Zool.
229: 163-166 (1984).

Hatt, H., and Bauer, U. Electrophysiclogical properties of pyr-
idine receptors in the crayfish walking leg. J. Comp. Physiol.
148; 221.-224 (1982).

Hatt, H., and Schimiedel-Jakob, 1. Specific antagonists at the
pyridine receptor: evidence from electrophysiological studies
with acetylpyridines. Chem. Senses 100 317-323 (1985),
Marcug, R., and Coulston, A. M. Water-soluble vitamins. In:
The Pharmacalogical Basis of Therapeutics, Tth Ed. (A, G. Gil-
man, L. S. Goodman, T. W. Rall, and F. Murad, Eds.),
MacMillan Publishing Ce., New York, 1985, pp. 15511572,
Thesleff, 8. Aminopyridines and synaptic transmission. Neu-
roseience 5: 14131419 (1980},

Hermarm, A., and Garman, A, L. F. Effects of 4-aminopyridine
on potassium currents in a mollusean neuron. J. Gen. Physiol.
78: 63-86 (1981).

Haldane, J. B. S. La signalisation animale. Anee Biol. 58: 89—
98 (1954),

Kusano, K., Miledi, R., and Stinnakre, J. Cholinergie and ca-
techolaminergic receptors in the Xenopus oocyte membrane. J.
Physiol. (London) 328: 143-170 {19%2).

Dolei, 8., Eusebi, F., and Siracusa, G. y-Amino butyric-r-acid
sensitivity of mouse and human cocytes. Dev. Biol. 104 242
246 (193p).

Lenhoff, H. M., and Heagy, W. Aquatic invertebrates: model

129,

130.

131,

132

133,
134.

135.

137

138,

138,

140,

141.

142,

143,

144,

systems for study of receptor activation and evolution of receptor
proteing. Ann. Rev. Pharmacol. Toxicol. 17, 243258 (1977).
Van Haastert, P. J. M., Jastorff, B., Pinas, 4. E., and Konijn,
T. M. Analogs of eyclic AMP a3 chemoattractants and inhibitors
of Dictyostelium chemotaxis. . Bacteriol. 149: 99105 (1932).
Brown, I. D., and Kerkut G. A. A study of the chemokinetic
effects of various pharmacological agents upon Tetrahymena
vorew. Comp. Biochem. Physiol. 69C: 275-280 {1981).

Morse, D. BE., Hooker, N, Dunean, H., and Jensen, L. v-Ami-
nobutyric acid, a neurotransmitter, induces planktonic abalone
larvae to settle and begin metamorphosis. Science 204: 407-410
{1979).

Coon, 8. L., Bonar, D. B., and Weiner, B. M. Induction of
settlement and metamorphosis of the Pacific oyster, Crassostreq
gigas (Thunberg), by L-DOPA and catecholamines. J. Exptl
Mar. Biol. Ecol, 94: 211-221 {1985).

Maier, ., and Muller, D. G. SBexual pheromones in algae. Biol.
Bull. 170: 145175 (1986).

Carr, W. E. 8. Chemoreception in the mud snail, Nassarius
obsoletus. 11, Tdentification of stimulatory substances. Biol. Bull,
133: 106127 (1967).

Gerhart, D). J. Prestaglandin AZ2: an agent of chemical defense
in the Caribbean gorgenian Plexaura homomalla. Mar. Ecol.
Progr. Sey. 19 181187 (1984).

. Hatt, H. Temperature dependence of the response of the pyri-

dine-sensitive units in the crayfish walking leg. J. Comp. Physiol.
152: 395-403 (1983).

Hatt, H. Effect of temperature on the activity of the aming zeid
receptors in the crayfish walking leg. J. Comp, Physiol. 152:
405409 (1983).

Hara, T. J. Effects of pH on the olfactory responses to amino
aeids in rainbow trout, Selmo gairdneri. Comp. Biochem. Phys-
iol, 54A: 37-39 (1976),

Carr, W. E. 8., Netherton, J. C. 111, and Milstead, M. L. Che-
moattractants of the shrimp, Palaemonetes pugio: variability in
responsiveness and the stimulatory capacity of mixtures con-
taining amino acids, guaternary ammohium compounds, puyines
and other substances. Comp. Biochem, Physiol. T7A: 469474
(1984).

Bardach, J. E,, Fujiya, M., and Holl, A. Detergents: effects on
the chemical senses of the fish fetalurus natelis (eSeur). Science
148: 1605~1607 {1965).

Johnstone, A, D. F., Whitford, D., and Hawking, A, D. The
effects of an industrial waste (eryolite recovery sludge} upon the
Atlantic salmon, Saimo sefar (L.}, Water Res. 16: 1529-1535
(1982).

Derby, C. D., and Atema, J. InRuence of drilling muds on the
primary chemosensory heurons in the walking legs of the lobster,
Homarus americanus. Can. J. Fish. Aquat. Sci. 38: 268-274
(1981).

Atema, J., Karnofsky, E. B., and OQleszko-Szuts, 8. Lobster
bekavior and chemoreception: sublethal effects of No. 2 fuel oil.
In: Advances in Marine Environment Research (F. 8. Jacoff,
Ed.)), Environmental Research Laboratory, Office of Research
and Development, U.S. Environmental Protection Agency, Nar-
ragansett, Rhode Island, 1979, pp. 122-134.

Hara, T. J. Is morpholine an effective olfactory stimulant in fish?
J. Fish. Res. Board Can. 31: 15471550 (1974).



